Abstract -Forward pedestrian collision imminent braking (CIB) systems has proven to be of great significance in improving road safety and protecting pedestrians. Since pedestrian CIB technology is not mature, the performance of different pedestrian CIB systems varies significantly. Therefore the simulation of a CIB system needs to be vehicle specific. The CIB simulation can be based on the component sensor parameters and decision making rules. Since these parameters and decision rules for on the market vehicles are not available outside of vehicle manufactures, it is difficult for the general research communities to develop a good CIB simulation model based on this approach. To solve this problem, this study presents a new method for developing a pedestrian CIB simulation model using pedestrian CIB testing data. The implementation was in PreScan. The simulation results demonstrate that a pedestrian CIB simulation model developed using this methodology could reflect the behavior of a real vehicle equipped with pedestrian CIB system.
I. INTRODUCTION
Pedestrian CIB is an active safety system component that aims to avoid or mitigate the collision with pedestrians [1] . Many automotive companies have been developing pedestrian CIB systems and have started to equip pedestrian CIB in some vehicles (e.g., Lexus 460L, Mercedes S550, and Volvo XC60). The performance of different pedestrian CIB systems varies significantly. Many research groups and government agencies are actively studying the methodologies for the evaluation of pedestrian CIB systems [2] . There are two ways to gather data to study the performance of pedestrian CIB system. The first is to conduct vehicle tests to gather the actual performance data. Due to the high cost of gathering the test data, and the complexity of test setup, only a limited number of tests with simple scenarios can be conducted practically. The second approach is to use a driving simulation for evaluating the effectiveness of a CIB system [3] in complex and severe crash scenarios. The requirement of the simulation approach is that the CIB simulation model must be sufficiently close to the actual CIB system being evaluated.
There are different approaches to generate a CIB model. The first one is to develop models of all components of a CIB system and link the component models together to make a CIB model. This approach is useful for the CIB system developer who has all the required component parameters. Without the parameters of the CIB components, it is difficult for a research institution to develop a CIB model that can mimic the actual performance of a real CIB system due to the complexity of the system. The second approach is to use physics principles to generate a demonstration model of the CIB systems. However, the model generated in this approach is not sufficient to determine the performance of a specific CIB system.
In this paper we propose a new approach to create a pedestrian CIB simulation model for a specific vehicle. The approach is to use the general knowledge of the CIB components which are published by the car manufacture, and use the collected pedestrian CIB performance test data of the CIB equipped vehicle in a set of test scenarios. This approach is implemented using the PreScan software [4] . PreScan is a strong physics-based simulation platform provided by TASS International. It is used in the automotive industry for the development of Advanced Driver Assistance Systems (ADAS). PreScan is also used for designing and evaluating vehicle-to-vehicle (V2V) and vehicle-toinfrastructure (V2I) communication applications as well as autonomous driving applications. Section 2 shows the information needed for developing a pedestrian CIB simulation model. Section 3 describes the method for designing and implementing the pedestrian CIB simulation model. Section 4 evaluates the performance of the CIB simulation model. Section 5 concludes the paper.
II. DATA COLLECTION FOR DEVELOPING CIB MODEL
The development of a CIB simulation model for a vehicle is based on two types of data, (1) the testing environment data and (2) the CIB performance data. Both of them can be obtained by researchers in a series of well-designed CIB tests. The environment data is recorded before or during each test. The pedestrian CIB performance of a vehicle may vary significantly in different test environments. According to the testing data, seven factors are considered significant to the CIB performance. Table 1 lists all the environment data and the CIB performance data that used for developing the CIB simulation model. The more data collected, the more accurate the simulation model will be. 
III. DEVELOP THE PEDESTRIAN CIB MODEL

A. Structure of the CIB Model
PreScan provides a demo of Pedestrian Protection System (PPS) which is similar to the pedestrian CIB system. The PPS provides early warnings when a potential collision with pedestrians is detected, and brakes automatically when a collision with pedestrian is inevitable. However, since the parameters used in PPS may not match the corresponding behavior in a specific CIB system, part of the PPS provided by PreScan is modified to match the result of the CIB tests. For simplification and compatibility, the input and output ports of our developed CIB model are made identical to PPS. The pedestrian CIB model also consists of three sub-models that are similar to PPS's Radar Detection Model, Pedestrian Identification Model, and Decision Making Model. Our pedestrian CIB model uses the same Radar Detection Model as provided in PPS, replaced the Camera Detection Model by a Pedestrian Identification Model since no video images are provided by the test data, and rewrote the Decision Making Model based on the pedestrian CIB testing data.
The purposes of sub-models of CIB are described as follows:
 Radar Detection Model -Based on the radar characteristics, this model can detect an object and calculate the time to collision (TTC). If the TTC drops below Estimated Min Safe TTC, this object will be considered to be dangerous.  Pedestrian Identification Model -If a dangerous object is detected by the Radar Detection Model, this model continues to check whether it is a pedestrian, and provides a warning if a pedestrian classified.  Decision Making Model -If an imminent crash to a pedestrian is identified by the Pedestrian Identification Model, this model decides the warning and braking behavior of the vehicle.
B. Development of sub-models of the pedestrian CIB Model 1) Radar Detection Model
Radar Detection Model simulates the radar behavior for detecting potential collisions to objects. Radar is an object-detection system that can determine the distance, motion direction and speed of objects. Based on the radar information, the absolute velocity vector of an obstacle can be calculated. Assuming that the vehicle and the obstacle are moving in straight lines, absolute velocity vectors may intersect at a point where the collision will take place. Then the TTC is calculated.
Our Radar Detection Model was developed based on the same model in PreScan's PPS model, but some output parameters of the original model unrelated to CIB model were eliminated. Only two output parameters, TTC and Radar Detection Flag are reserved. Radar Detection Flag is used to indicate whether a dangerous object is detected by radar sensor. And TTC is used to measure the severity of the dangerous object and relative decisions will be made based on it.
2) Pedestrian Identification Model
Usually, if an object is detected by radar sensor and considered to cause a potential crash, the pedestrian detection algorithm based on the camera sensor is engaged in order to determine whether the detected object is a pedestrian. However, it is hard for the researchers to know what technique and image processing algorithms are used in the CIB system. Hence it is not proper for the CIB simulation model to use any specific image processing algorithm for pedestrian classification. As a result, our study only focuses on the behavior of the pedestrian CIB system and does not care what image processing technique and algorithms that the CIB use. Specifically, our pedestrian CIB simulation model concentrates on determining the conditions that whether a pedestrian could be detected by the CIB system and how long the CIB would take to classify the pedestrian. It is a testing data based classification algorithm. Usually, the efficiency and accuracy of image processing based pedestrian detection algorithms vary significantly in different test environments. Our classification algorithm takes all these environmental factors into consideration to mimic the performance of real image processing algorithms. The input and output parameters of our algorithm are shown in Table 2 . The single output parameter is a timed Pedestrian Detection Flag used to indicate if a pedestrian can be identified by the CIB and when it would be identified. According to the testing data, the performance of CIB system can vary significantly under different test conditions. Higher vehicle speed, higher pedestrian speed, smaller pedestrian size, or poor visibility due to lighting condition and weather may cause longer pedestrian recognition time or even fail to recognize a pedestrian. A longer recognition time may mean a shorter time period for CIB warning and braking, and may increase the probability of a crash. The testing data shows there are two circumstances that the vehicle collides with the pedestrian, (1) The vehicle fails to classify the pedestrian, and it hits the pedestrian directly without taking any action to avoid this collision (2) It takes too much time for the vehicle to classify this pedestrian successfully. Although automatic braking applied, the collision is still not avoided completely.
Within our pedestrian classification algorithm, the calculation of this Pedestrian Detection Flag is transformed to the calculation of Total Recognition Time. Since several parameters can affect the recognition time, the calculation process of the total recognition time is divided into several sub-problems. The recognition time relative to each parameter was calculated individually. Then these times are summed up to make a Total Recognition Time. However, we do not exactly know how much each of the parameters affects the image processing performance. Our approach to solve this problem is to manipulate the weights to match the testing data of a specific pedestrian CIB for each vehicle.
For example, the testing data of a CIB system shows that once the vehicle speed is higher than 45 mph, it always fails to warn and brake. During 0 to 45 mph, the vehicle speed is divided into several intervals. In this paper, the granularity of the intervals is assigned to be 5 mph. If a higher accuracy required, the granularity can be set smaller. The recognition time for each speed interval is denoted as T x v y (x is the start of the speed interval, and y is the end of the speed interval). Within each vehicle speed interval, the recognition time is considered to be the same as the higher value, so that T x v y T v y . In order to get the recognition time for each speed interval (T y , y 5 , 10, 15 … 40, 45), a set of vehicle tests and calculations are needed. For each speed interval, the tests are repeated five times and then the average value of the obtained Warning TTC (denotes as TTC[x v y is obtained. Therefore, the different Warning TTC for different vehicle speed intervals can be obtained (the difference of recognition time between different speed intervals can also be calculated). Then the recognition time can be calculated as follows: (1)
T x ∞, for x 45
In equation1, T 0 v 5 is a base value, and TTC 0 v 5 TTC x v y is a difference value between T x v y and the base value T 0 v 5 . Since Warning TTC decreases with the increasing of vehicle speed, TTC 0 v 5 TTC x v y 0, when x 0 . So the recognition time for each speed interval can be calculated based on the base value and the difference value between them. However, the value of base value T 0 v 5 is unknown. The only way to find the base value is to make a good guess and assign an initial value to it. After building the CIB simulation model, the correctness of the base value can be verified through simulations using the CIB test data. The base value can be adjusted to a more precise value by minimizing the difference of Warning TTC between the simulation data and CIB test data. Table 3 is the recognition time with respect to the vehicle speed for a CIB being tested. T is the recognition time delay caused by the vehicle speed factor. The recognition time for each speed interval was calculated based on the CIB test data. For example, Table 4 depicts the recognition time relative to pedestrian speed. T is the pedestrian recognition time caused by the pedestrian speed. Table 5 depicts the recognition time relative to pedestrian size. T is the time of recognition caused by pedestrian type. Table 6 represents the recognition time relative to the contrast of the pedestrian to the background. T is the recognition time caused by the contrast between the pedestrian and the back ground. The type of contrast is intuitively specified based on the Light Condition, Weather Condition, and the Cloth Color of Pedestrian. The principle is that, the easier to classify a pedestrian from the background, the higher the contrast is. Table 7 describes the recognition time relative to pedestrian direction. In this paper, the pedestrian is assumed to be moving straight forward. So five basic directions for pedestrian are defined and discussed. The calculation method of the recognition time is also based on base value and difference value. 
3) Decision Making Model
In the CIB Simulation model, the Decision Making sub-model is the last step to determine the behavior of the vehicle. It is a modification of the Actuation Model provided by PreScan. In the original Actuation Model in PreScan, the Warning Flag is set if a pedestrian has been classified and TTC drops below 1.6 s, and the Braking Flag is set if the TTC drops below 0.6 s. Furthermore, the Braking Pressure is a preset value. Although the thresholds of Warning TTC, Braking TTC, and Braking Pressure can be modified in the original PreScan model, they are still not able to reflect the behavior of a pedestrian CIB system in a real vehicle. According to the CIB test data, the Warning TTC, Braking TTC, and Braking Pressure vary significantly in different test conditions. The threshold of Warning TTC has been described in the section describing the Camera Detection Model. In this section, the methods for calculating the thresholds of Braking TTC and Braking Pressure are discussed. Table 8 describes the input and output parameters of Decision Making Model. The output parameters are used by the action model and the display model provided by PreScan. If the Warning Flag is set, the action model will turn on the warning lights and beeps. If the Braking Flag is assigned, the action model will apply a specified braking pressure to the vehicle. All the actions and relative results will be displayed by the display model. The pressure applied to brake. It can be used to calculate the vehicle deceleration.
According to the testing data, the threshold of Brake Starting TTC (BST) can be modeled as a linear function of vehicle speed. When a pedestrian is detected as a collision object and TTC drops below the threshold of BST, the Braking Flag is assigned. Then desired Braking Pressure (BP) will be applied until the vehicle stops. Figure 1 shows the modeling result of BST based on the testing data of a 2013 model year sedan. The x axis is the speed of vehicle in mph. The y axis is the BST in seconds. 325 tests are shown in this figure. Using the polyfit function provided by MATLAB, a straight line representing BST is plotted. To make it more realistic, a random offset, is generated and added to the sum. The range of the offset is from -x to x. 2x is the range of the BST in the CIB test data under each vehicle speed. Then the BST can be calculated as follows. In this study, the Braking Pressure was calculated based on the Average Deceleration in CIB braking. Figure 2 shows the desired deceleration under a specific vehicle speed of a 2013 model year sedan. The x axis is the speed of the vehicle in mph. The y axis is the Average Deceleration in CIB braking. To make it more similar to actual vehicle testing, a random offset is generated and added to the sum. The range of the offset is form -x to x. 2x is the maximum differences of the Average Deceleration in the CIB test data under each vehicle speed. The following is the calculation method of desired Deceleration.
0.0912 * 6.5953 (6) Once the desired average deceleration is calculated, the brake pressure, BP, can be calculated based on this desired deceleration. In the original PreScan Actuation Model, the default Braking Pressure is Max Brake Pressure (MBP). Under MBP, the deceleration of the vehicle is exactly 1g (9.81 m/s2). If the desired deceleration is known, the portion of the desired deceleration versus 1G can be calculated. Furthermore, multiply the Max Brake Pressure by this portion, then the desired BP is obtained. Once the full braking is applied, the Braking Pressure will remain a constant until the vehicle halt. The following formula shows the method for calculating desired Braking Pressure. * / 9.81 (7) Figure 2 . Average Deceleration versus vehicle speeds.
IV. SIMULATION AND RESULTS
Two different 2013 model year sedans with pedestrian CIB capability were tested. 400 test runs were for vehicle A, and 350 for vehicle B. 20% of the testing data were used to test our CIB simulation model (75 simulations were engaged for vehicle A and 63 for vehicle B). The average error of simulation results are shown in Table 9 . Since the Stop at Distance is usually a small value (85% of them are less than 1 meter), so it is quite sensitive to the error of Warning Starting TTC, Braking Starting TTC and the Average Deceleration. Currently, the vehicle model can only support straight road segment, so one future direction is to optimize it to support curved road and vehicle turning scenarios.
